Following the induced gravitational collapse (IGC) paradigm of gamma-ray bursts (GRBs) associated with type Ib/c supernovae, we present numerical simulations of the explosion of a carbon-oxygen (CO) core in a binary system with a neutron-star (NS) companion. The supernova ejecta trigger a hypercritical accretion process onto the NS thanks to a copious neutrino emission and the trapping of photons within the accretion flow. We show that temperatures 1-10 MeV develop near the NS surface, hence electron-positron annihilation into neutrinos becomes the main cooling channel leading to accretion rates 10 −9 -10 −1 M s −1 and neutrino luminosities 10 43 -10 52 erg s −1 (the shorter the orbital period the higher the accretion rate). We estimate the maximum orbital period, P max , as a function of the NS initial mass, up to which the NS companion can reach by hypercritical accretion the critical mass for gravitational collapse leading to black-hole (BH) formation. We then estimate the effects of the accreting and orbiting NS companion onto a novel geometry of the supernova ejecta density profile. We present the results of a 1.4 × 10 7 particle simulation which show that the NS induces accentuated asymmetries in the ejecta density around the orbital plane. We elaborate on the observables associated with the above features of the IGC process. We apply this framework to specific GRBs: we find that X-ray flashes (XRFs) and binary-driven hypernovae (BdHNe) are produced in binaries with P > P max and P < P max , respectively. We analyze in detail the case of XRF 060218.
proposed a binary nature for the progenitors of both long and short GRBs. In this work we focus on long GRBs associated with supernovae. For such systems the induced gravitational collapse (IGC) paradigm (see, e.g., Ruffini et al. 2006 Ruffini et al. , 2008 Izzo et al. 2012a; Rueda & Ruffini 2012; Fryer et al. 2014) indicates as progenitor a binary system composed of a CO core and a neutron-star in a tight orbit. Such a binary system emerged first as a necessity for the explanation of a set of observational features of long GRBs associated with type Ic supernovae (Rueda & Ruffini 2012) . Besides, it also appears in the final stages of a well defined evolutionary path which includes the presence of interacting binaries responsible for the formation of stripped-envelope stars such as CO cores leading to type Ic supernovae (Rueda & Ruffini 2012; Becerra et al. 2015; Fryer et al. 2015) .
The core-collapse of the CO star produces a supernova explosion ejecting material that triggers an accretion process onto the binary neutron-star companion; hereafter indicated as NS. It was advanced in Ruffini et al. (2016) the existence of two classes of long GRBs depending on whether or not a black-hole (BH) is formed in the hypercritical accretion process onto the NS:
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4 ICRANet-Rio, Centro Brasileiro de Pesquisas Físicas, Rua Dr. Xavier Sigaud 150, 22290-180 Rio de Janeiro, Brazil ergy 0.2 E p,i 2 MeV. Their prompt emission lasts up to ∼ 100 s and it is at times preceded by an X-ray emission in the 0.3-10 keV band lasting up to 50 s and characterized by a thermal and a power-law component (i.e. Episode 1 in GRB 090618 in Izzo et al. 2012a ). They have a long lasting X-ray afterglow generally composed by a spike, a plateau, followed by a common late power-law behavior when measured in the common source restframe (Pisani et al. 2013) . For all BdHNe at z 1, an optical supernova with luminosity similar to the one of supernova 1998bw (Galama et al. 1998 ) has been observed after 10-15 days in the cosmological rest-frame (see, e.g., Melandri et al. 2014) . It has been proposed that this class of GRBs occurs when the NS reaches its critical mass through the above accretion process and forms a BH (see Fig. 1 ). Under these conditions, the GeV emission becomes observable and it has been proposed to originate from the newly formed BH (Ruffini et al. 2016 ). This GRB subclass occurs in compact binaries with orbital periods as short as P ∼ 5 min or binary separations a 10 11 cm ).
• Second, there is the subclass of X-ray flashes (XRFs), long GRBs with isotropic energies in the range E iso ≈ 10 47 -10 52 erg; spectral peak energies E p,i ≈ 4-200 keV (Amati & Della Valle 2013; Ruffini et al. 2015 Ruffini et al. , 2016 . Their prompt emission phase lasts ∼ 10 2 -10 4 s and it is generally characterized by a spectrum composed by a thermal component (with radii 10 10 -10 12 cm and temperatures 0.1-2 keV, Campana et al. 2006 ) and power-law component. They have long lasting Xray afterglows without the characteristic common late power-law behavior encountered in the BdHNe Ruffini et al. (2015) ; Ruffini (2015b) . See text for details. (Pisani et al. 2013) , nor the characteristic X-ray spike. For all XRFs at z 1, an optical supernova with luminosity similar to the one of supernova 2010bh (Bufano et al. 2012) , has been observed after 10-15 days in the cosmological restframe. These sources have been associated within the IGC paradigm to binaries of a CO core and an NS in which there is no BH formation (see Fig. 1 ): when the accretion is not sufficient to bring the NS to reach the critical mass. This occurs in binaries with orbital periods longer than P ∼ 5 min or binary separations a 10 11 cm (Ruffini et al. 2016; Becerra et al. 2015) .
The complexity of the above processes leading to two possible outcomes can be summarized schematically within the concept of Cosmic-Matrix (C-matrix) as first introduced in Ruffini (2015a) ; Ruffini et al. (2015) ; Ruffini (2015b) . The C-matrix describes these systems as a four-body problem in analogy to the case of particle physics (see Fig. 1 ). The in-state is represented by the CO core and the NS companion. The interaction between these two objects given by the hypercritical accretion process triggered by the supernova explosion onto the NS companion, and which is examined in this work, lead to two possible out-states: in the case of a BdHN it is formed by the νNS, i.e. the neutron star left by the supernova explosion of the CO core, and a BH formed from the gravitational collapse of the NS companion of the CO core in the in-state. As we have mentioned in XRFs the accretion is not enough to lead to the gravitational collapse of the NS then the out-state is a νNS and another NS (of course more massive than the initial one present in the in-state).
It is clear that the observational properties of the IGC binaries are sensitive to the binary parameters which can change the fate of the system. The first estimates of the accretion rate and the possible fate of the accreting NS in an IGC binary were presented in Rueda & Ruffini (2012) . To obtain an analytic expression of the accretion rate, such first simple model assumed:
1) a pre-supernova homogenous density profile; 2) an homologous expansion of the density;
3) constant mass of the NS (≈ 1.4 M ) and the supernova ejecta (≈ 4-8 M ) . The first application of this model was presented in Izzo et al. (2012a) for the explanation of the Episode 1 of GRB 090618.
In Fryer et al. (2014) there were presented 1D numerical simulations which improved the above model. Specific density and ejection velocity profiles were adopted from numerical simulations of CO core-collapses producing type Ic supernovae. The hydrodynamic evolution of the material entering the NS accretion region was computed on the basis of models of hypercritical accretion in supernova fallback. The integration was followed up to the point where it is finally accreted by the NS on its surface.
In Fryer et al. (2015) the evolution of the gravitational binding energy of the BdHNe was analyzed and it was shown that most of these systems would remain bound after the occurrence of the supernova explosion. This conclusion is in contradiction with the traditional assumption of instantaneous mass ejection which leads to the well-known limit that the system becomes unbound when the binary looses more than half of the total mass. This novel result was obtained by the accurate consideration of two ingredients: the accretion process which changes the mass and the momentum of the binary, and the orbital period which can be as short as the explosion time scale.
In Becerra et al. (2015) the amount of angular momentum transported by the ejecta entering the Bondi-Hoyle region was estimated and how much of it can be transferred to the NS when it is finally accreted. The ejecta density profile was adopted as a power-law in radius and its evolution with time homologous. It is important to recall some of the conclusions obtained in that work: 1) the angular momentum the ejecta inside the accretion region is such that it circularizes around the NS forming a disk-like structure;
2) the time scale of the disk angular momentum loss is shorter than the time scale at which matter is being captured, so the accretion time scale dominates the evolution;
3) for binary periods shorter than some critical value, i.e. P P max , the NS can reach either the mass-shedding or secular axisymmetric instability (critical mass point), which induces its gravitational collapse to a BH. In systems with P > P max the NS gains both mass and angular momentum but not enough to trigger its collapse to a BH. The value of the critical mass has been calculated including the effects of rotation .
The value of P max was there computed as a function of the initial NS mass, but only for masses larger than ≈ 1.67 M , and it was assumed that half of the angular momentum of the disk at the inner disk radius is transferred to the NS.
Although all the above works have already shown that indeed the supernova can induce, by accretion, the gravitational collapse of the NS to a BH, there is still the need of exploring systematically the entire, physically plausible, space of parameters of these systems, as well as to characterize them observationally. The main aims of this work are:
1. To improve the estimate of the accretion rate with respect to the one in Becerra et al. (2015) by includ-ing effects of the finite size/thickness of the density profile and, for different CO core progenitors leading to different ejected masses.
2. To extend the analysis performed in Becerra et al. (2015) and identify the separatrix of systems in which a BH is formed and the ones where there is not BH formation. This is equivalent to improve the determination of P max . We extend here the possible range of the initial NS mass and allow for different values of the angular momentum transfer efficiency.
3. To compute the expected luminosity emitted during the hypercritical accretion process onto the NS for a wide range of binary periods shorter (BdHNe) and longer (XRFs) than P max . With this we can establish the energetic budget that characterizes both XRFs and BdHNe.
In parallel, a) We apply the above considerations to specific GRBs by analyzing in detail the specific case of XRF 060218.
b) We estimate in that specific case the asymmetries created by the orbiting and accreting NS on the ejected matter density profile and the structure of the prompt radiation.
c) We explore the influence of the prompt X-ray radiation in the late X and optical emission of the supernova and the afterglow.
The article is organized as follows. In Sec. 2 we summarize the framework of the hypercritical accretion of the supernova ejecta onto the NS. Sec. 3 gives details on the computation of the time evolution of both the (gravitational and baryonic) mass and angular momentum of the accreting NS. In Sec. 4 we compute the maximum orbital period, P max , up to which the induced gravitational collapse of the NS to a BH by accretion can occur. We show in Sec. 5 the asymmetries that the accreting NS produces on the supernova ejecta. In Sec. 6 we summarize the hydrodynamics inside the accretion region, including convective instabilities, and the properties of the neutrino emission. We present in Sec. 7 estimates of the expected luminosities during the hypercritical accretion process. Sec. 8 shows how the radiation from the accretion process as well as the asymmetries in the ejecta influence the supernova emission both in X-rays and in the optical. Finally in Sec. 9 we summarize the results of this work. Additional technical details are presented in a series of appendices.
HYPERCRITICAL ACCRETION INDUCED BY
THE SUPERNOVA In order to model the hypercritical accretion process onto the NS, we use the formalism introduced in Becerra et al. (2015) . The accretion rate of the ejected material onto the NS is given by (Hoyle & Lyttleton 1939; Bondi & Hoyle 1944; Bondi 1952) :
where R cap is the NS gravitational capture radius
Here ρ ej and c s,ej are the density and sound velocity of the ejecta, M NS the NS mass and v rel = v ej − v orb , the velocity of the ejecta as seen from an observer at the NS, and G is the gravitational constant. The orbital velocity is v orb = GM/a, where M = M NS + M CO is the total binary mass, M CO = M env + M Fe the total mass of the CO core which is given by the envelope mass M env and the central iron core mass M Fe = 1.5 M . The latter is the mass of the new neutron-star formed in the corecollapse supernova process, hereafter indicated as νNS and its mass M νNS , i.e. we adopt M νNS = M Fe = 1.5 M in agreement with the range of masses predicted under the convective supernova paradigm (Fryer et al. 2012) .
For the ejecta velocities, we adopt an homologous explosion model for the supernova expansion, i.e. a velocity proportional to the radius:
where n is the so-called expansion parameter. Within this approximation, the density profile evolves as (see, e.g, Cox 1968 ):
where x ≡ r/R star (t), M env is the mass ejected (i.e. the mass available to be accreted by the NS), ρ 0 ej is the presupernova density profile and R star is the outermost layer of the supernova ejecta. From the velocity profile law we have that R star evolves as:
where t 0 = nR 0 star /v star,0 , being v star,0 the velocity of the outermost layer R 0 star . The pre-supernova density profile of the CO envelope can be well approximated by a power-law profile, i.e.:
We show in table 1 the properties of the pre-supernova CO cores produced by low-metallicity progenitors with initial zero-age main sequence (ZAMS) masses M ZAMS = 15, 20, and 30 M obtained with the Kepler stellar evolution code (Woosley et al. 2002) . We now improve the treatment in Becerra et al. (2015) taking into account the finite size of the envelope. We thus modify the above density profile by introducing boundaries to the supernova ejecta through density cutoffs at the outermost and innermost layers of the ejecta, namely:
whereR core < r < R star . The condition that the modified profile has the same ejecta mass with respect to the unmodified power-law profile impliesR core < R core . Note. -CO cores obtained for the low-metallicity ZAMS progenitors with M ZAMS = 15, 20, and 30 M in Woosley et al. (2002) . The central iron core is assumed to have a mass M Fe = 1.5 M , which will be the mass of the νNS, denoted here as M νNS , formed out of the supernova process. We compare and contrast the power-law density profile (solid curve) with a modified profile (dashed curve) with density cut-offs at the outermost and innermost ejecta layers following Eqs. (6) and (7). The two profiles have the same envelope mass. Fig. 2 shows the pre-supernova density profile described by equations (6) and (7) for the M ZAMS = 30 M . For these parameters we haveR core = 0.31 R core andρ core = 567.67 g cm −3 . Introducing the homologous expansion for the description of the evolution of the supernova ejecta, equation (1) becomes:
where
and the parameters χ, Σ B and η depend on the properties of the binary system before the supernova explosion: −1 ] P = 13. 44 min P = 112. 6 min P = 9. 38 hours Fig. 3 .-Time evolution of the accretion rate onto a NS of initial mass 1.4 M for the following binary parameters: expansion parameter n = 1, an ejecta outermost layer velocity v star,0 = 2 × 10 9 cm s −1 and the supernova ejecta profile is the one obtained for the CO core of the M ZAMS = 20 M progenitor of table 1. For the above progenitor and velocity t 0 = 2.4 s. Three selected orbital periods are shown: P = 13.44 min, 112.6 min and 9.38 h which correspond to binary separation distances a = 2.46 × 10 10 cm, 1.01 × 10 11 cm, and 2.96 × 10 11 cm, respectively. The solid line corresponds to a case in which the NS reaches the critical mass and collapses to a BH (end point of the curve). In the two other cases, owing to the longer orbital period, there is no induced gravitational collapse of the NS to a BH (see Fig. 5 in Sec. 4 for further details).
progenitor of table 1.
We can see from Fig. 3 that the shorter(smaller) the orbital period(separation) the higher the accretion rate and the shorter the time it peaks. In appendix A we derive, following simple arguments, analytic formulas for the peak accretion rate and time which can be useful to get straightforward estimates of these systems.
3. TIME EVOLUTION OF THE ACCRETING NS Becerra et al. (2015) showed that the supernova ejecta has enough angular momentum to circularize around the NS in a sort of disk-like structure. Thus, the accreted material will transfer both baryonic mass and angular momentum to the NS.
The equilibrium NS configurations form a twoparameter family given by the mass (baryonic or gravitational) and angular momentum (or angular velocity). Namely the NS gravitational mass, M NS , is in general a function of the NS baryonic mass, M b , and angular momentum, J NS . In a similar way the angular momentum contributes to the mass of a BH (Christodoulou & Ruffini 1971) . It is then clear that the evolution of the NS gravitational mass is given by:
We assume that all the (baryonic) mass entering the NS capture region will be accreted by the NS, i.e:
For the relation between the NS gravitational mass, the baryonic mass, and the angular momentum for the NS equilibrium configurations, namely the NS gravitational binding energy formula, we use the recent result obtained in Cipolletta et al. (2015) :
, and which is independent on the nuclear equation of state (EOS).
The torque on the NS by the accreted matter is given byJ
where R in is the disk inner boundary radius, l(R in ) is the angular momentum per unit mass of the material located at r = R in , and ξ ≤ 1 is a parameter that accounts for the efficiency of the angular momentum transfer. The precise value of ξ depends mainly: 1) on possible angular momentum losses (e.g. by jetted emission during accretion) and 2) on the deceleration of the matter in the disk inner radius zone. The inner disk radius is given by the maximum between the radius of the last stable circular orbit, r lso , and the NS radius, R NS . Namely, R in = max(r lso , R NS ). When the disk extends until the NS surface, l(R in ) is given by the Keplerian orbit with radius equal to the NS equatorial radius. On the other hand, if R NS < r lso , l(R in ) is given by the last stable circular orbit. Summarizing:
We show hereafter the results for three selected NS nuclear EOS: NL3, TM1 and GM1 . For these EOS and assuming that the NS is initially non-rotating, we have that r lso = 6GM NS /c 2 > R NS for M NS [1.78, 1.71, 1.67] M , for the NL3, TM1 and GM1 EOS, respectively.
For the axially symmetric exterior spacetime around a rotating NS, l lso is well approximated by (Becerra et al. 2015) :
for co-rotating particles.
On the contrary, for M NS 1.7 M we have r lso < R NS and thus R in = R NS . We shall adopt for this case the Hartle's slow-rotation approximation. The angular momentum per unit mass of a Keplerian orbit with a radius equal to the NS radius is, within this approximation, given by (Boshkayev et al. 2016) 
where u ≡ GM NS /(c 2 R NS ). This formula can be also obtained by taking the second order slow rotation limit of the angular momentum of the last stable circular orbit around a Kerr BH (Rees et al. 1974; Boshkayev et al. 2012 Boshkayev et al. , 2016 .
Therefore, by solving (numerically) simultaneously equations (8) and (14), with the aid of Eqs. (11) (12) (13) (14) (15) (16) (17) , it is possible to follow the evolution of the NS mass and angular momentum during the accretion process.
INDUCED GRAVITATIONAL COLLAPSE OF THE NS
We proceed now to calculate the binary parameters which discriminate systems in which the NS can reach by accretion its critical mass (M crit ) and consequently collapse to a BH, from the systems in which the accretion is not sufficient to induce such a collapse.
The stability of the accreting NS is limited by two main instability conditions: the mass-shedding or Keplerian limit, and the secular axisymmetric instability. Massshedding occurs when the centrifugal force balances the gravitational one. Thus, for a given gravitational mass (or central density), it is given by the rotating configuration with angular velocity equal to the the Keplerian velocity of test-particles orbiting at the star's equator. In this limit the matter at the surface is marginally bound to the star and small perturbations will cause mass loss to bring the star stable again or otherwise to bring it to a point of dynamical instability point (Stergioulas 2003) .
At the secular axisymmetric instability point the star the star is unstable against axisymmetric perturbations. It is expected to evolve first quasi-stationarily to then find a dynamical instability point where gravitational collapse takes place (Stergioulas 2003) . Using the turning-point method (Friedman et al. 1988) , Cipolletta et al. (2015) computed the critical mass due to this instability point for the NL3, GM1 and TM1 EOS. They showed that the numerical results of the critical NS mass are well fitted, with a maximum error of 0.45%, by the formula
where the parameters k and p depends of the nuclear EOS and M
J=0
crit is the critical mass in the non-rotating case (see table 2). It can be checked that the latter is, as expected, below the 3.2 M critical mass upper bound by (Rhoades & Ruffini 1974) .
Thus, a NS with initial mass M NS (t 0 ) can reach M crit if it accretes an amount of mass ∆M acc = M crit − M NS (t 0 ) from the supernova ejecta. Given the initial NS mass, the CO core mass, and the supernova ejecta profile and its velocity, the accretion rate increases for shorter binary separation, namely for shorter orbital periods (Becerra et al. 2015; Fryer et al. 2014) . Therefore, there exists a maximum orbital period, denoted here to as P max , up to Cipolletta et al. (2015) . Note. -In the last column we have also reported the rotation frequency of the critical mass configuration in the rotating case. This value corresponds to the frequency of the last configuration along the secular axisymmetric instability line, i.e the configuration that intersects the Keplerian mass-shedding sequence.
which, given M NS (t 0 ) (and all the other binary parameters), the NS can accrete this precise amount of mass, ∆M acc .
For example, for a NS with an initial gravitational mass M NS (t 0 ) = 2 M accreting the ejected material from the supernova explosion of the 30 M ZAMS progenitor (see table 1 ), v star,0 = 2 × 10 9 cm s −1 , expansion parameter n = 1 and angular momentum transfer efficiency ξ = 0.5, we find P max ≈ 26 min. Fig. 4 shows the evolution of such a NS for two different binary periods, P = 5 min < P max and P = 50 min > P max . We can see that only for the system with P < P max the NS accretes enough matter to reach the critical mass for gravitational collapse, given by Eq. (18). 1. The increase of P max with the initial NS mass value M NS (0) can be easily understood from the fact that the larger M NS (0) the lower the amount of mass needed to reach the critical NS mass.
2. There is a transition in the behavior at M NS (0) ≈ 1.7 M . This occurs because configurations with M NS (0) 1.7 M have the disk extending up to the NS surface, correspondingly we used the angular momentum per unit mass given by equation (17). For larger initial masses, accretion occurs from the last stable orbit and we used equation (16). Thus, the difference around this transition point are attributable to the use of the slow rotation approximation for masses M NS (0) < 1.7 M . We recall that Becerra et al. (2015) considered only initial NS masses M NS (0) 1.7 M so this transition is not observed there.
3. In Becerra et al. (2015) an angular momentum transfer efficiency parameter ξ = 0.5 was adopted. In order to see the effect of such a parameter we adopted here in the simulations the maximum possible value ξ = 1. Values of ξ lower than unity account for possible angular momentum losses between the inner disk radius and the NS surface. This implies that the values of P max in Fig. 5 are upper limits to the maximum orbital period for BH formation. Namely, a value ξ < 1 leads to lower values of P max . For instance, in the right panel of Fig. 5 we see that for M NS (0) = 1.8 M and the NL3 EOS, P max ≈ 70 min. We checked that, for ξ = 0.5, the same initial mass and EOS would instead lead to P max ≈ 20 min.
4. Because of the highly efficient angular momentum transfer (ξ = 1), the NS in the systems of Fig. 5 ends at the mass-shedding limit. In the case of lower values of ξ, the NS might end directly at the secular axisymmetric instability with a lower values of the critical mass with respect to the maximum mass along the Keplerian mass-shedding sequence.
We have checked, for instance in the case of ξ = 0.5 (the one adopted in Becerra et al. (2015) ) and the NL3 EOS, that this occurs when the initial NS mass is close to the non-rotating critical mass value, e.g.
5. We recall that in Becerra et al. (2015) only the case of the M ZAMS = 30 M progenitor was analyzed. We studied here different progenitors. At first sight, it might appear contradictory that the left panel of Fig. 5 , which is for a less massive CO core with respect to the one the right panel, shows longer values of the maximum orbital period for BH formation. The reason for this is as follows. First, the binary separation satisfies a
where M t is the total binary mass. Thus, for given NS mass and binary period, a less massive CO core implies a less massive binary and a smaller orbit by a factor a 1 /a 2 = (M t1 /M t2 ) 1/3 . A tighter orbit implies a supernova ejecta density at the NS position higher by a factor ρ ej,1 /ρ ej,2 = (a 2 /a 1 ) 3 = M t2 /M t1 , hence the accretion rate which is proportional to the density [see equation (1)].
Thus we have shown that in systems with P ≤ P max the induced gravitational collapse of the accreting NS to a BH occurs. These systems explain the BdHNe Becerra et al. 2015; Fryer et al. 2014 ). We do not simulate in this work the complex process of gravitational collapse rather we assume BH formation at the moment when the NS reaches the critical mass value. We also adopt the mass of the newly formed BH as given by the critical NS mass value.
In systems with P > P max , the NS does not accrete enough matter from the supernova ejecta and the collapse to a BH does not occur. As we show below, these systems explain XRFs (see also Ruffini et al., in preparation, for more details). (8) and rate of increase of the NS gravitational mass obtained from Eq. (11). Right panel: Evolution of the NS gravitational mass. We use here the ejecta from the explosion of a CO core by the 30 M ZAMS progenitor, v star,0 = 2 × 10 9 cm s −1 , expansion parameter n = 1 and angular momentum transfer efficiency ξ = 0.5. Two binary periods are here used: P = 5 min < Pmax (solid curves) and P = 50 min > Pmax (dashed curves). For this binary parameters Pmax ≈ 26 min. It can be seen only the NS in the system with P < Pmax accretes enough matter to reach the critical mass (dotted line) for gravitational collapse. We have adopted a free expansion for the supernova ejecta (n = 1), an outermost supernova layer velocity v star,0 = 2 × 10 9 cm s −1 . The left and right panels show the results for CO cores left by M ZAMS = 20 M and 30 M progenitors, respectively (see table 1 ). The apparent transition at M NS (0) ≈ 1.7 M is explained as follows: configurations with M NS (0) 1.7 M have the disk extending up to the NS surface, correspondingly we used the angular momentum per unit mass given by Eq. (17), instead for larger initial masses the accretion occurs from the last stable orbit and we used equation (16). Thus, the difference around this transition point are attributable to the use of the slow rotation approximation for masses M NS (0) < 1.7 M . See the text for more details.
5. SUPERNOVA EJECTA ASYMMETRIES INDUCED BY THE NS For isolated supernova explosions, or for very wide binaries with negligible accretion rates, the density of the supernova ejecta would approximately follow the homologous evolution given by equation (4) with constant ejecta mass, i.e. M env (t) = M 0 env , i.e. the density will decrease with time following a simple power-law ρ ej (t) ∝ t −3n , with n the expansion parameter, keeping its spherical symmetry about the explosion site (see, e.g., Fig. 6 ). However, for explosions occurring in close binaries with compact companions such as NSs or BHs, the supernova ejecta is subjected to a strong gravitational field which produces at least two non-negligible effects: 1) an accretion process on the NS that subtracts part of the ejecta mass, and 2) a deformation of the supernova fronts closer to the accreting NS companion. As we show below, the conjunction of these effects can generate large changes in the density profile of the ejecta in a region around the orbital plane.
In order to visualize the above effects we have simulated the evolution of the supernova layers in presence of the NS during the accretion process (see Figs. 6 and 7). Thus, we followed the three-dimensional motion of N particles in the gravitational field of the orbiting NS. Following Becerra et al. (2015) , we consider the gravitational field of the NS on the supernova ejecta including the effects of the orbital motion as well as the changes in the NS gravitational mass as described above in Sec. 2 via the Bondi formalism. The supernova matter is described as formed by point-like particles whose trajectory was computed by solving the Newtonian equation of motion. We plan to do an SPH simulation of this process and expect to present the results in a forthcoming publication.
The initial conditions of the supernova ejecta are computed assuming the supernova layers move via homologous velocity distribution in free expansion (i.e. evolving with n = 1). The initial power-law density profile of the CO envelope is simulated by populating the inner layers with more particles, as follows. The total number of particles is N = N r × N θ × N φ and for symmetry reasons, we simulate only the north hemisphere of the supernova; thus the polar and azimuthal angles are divided as ∆θ = (π/2)/N θ and ∆φ = 2π/N φ , respectively. For the radial coordinate we first introduce the logarithmic coordinate x = log(r) and ∆x = (x s − x c )/N r , where x s = log(R star ) and x c = log(R core ). Thus,the thickness of each layer is ∆r = r i (10 ∆x − 1), where r i is the location of the layer. The mass of each particle of the i-layer is: m i = 4πr
Let us assume, for the sake of example, the M ZAMS = 30 M progenitor of table 1 which gives a CO core with envelope profile ρ
and R 0 star = 7.65 × 10 9 cm. This implies that, for a total number of N = 10 6 particles in the simulation, the particles of the innermost radius r i = R core = 8.3 × 10 7 cm with density ρ 0 ej (r i ) = 3.1 × 10 8 g cm −3 have mass m i ≈ 2 × 10 −5 M while, the particles of the outermost radius r i = R 0 star , would have m i ≈ 6 × 10 −6 M . In addition, we assume that particles crossing the BondiHoyle radius are captured and accreted by the NS so we removed them from the system as they reach that region. We removed these particles according to the results obtained from the numerical integration of Eq. (8). Fig. 6 shows in detail the orbital plane of an IGC binary at selected times of its evolution. The NS has an initial mass of 2.0 M ; the CO core is the one obtained by the M ZAMS = 30 M progenitor (see table 1), which leads to a total ejecta with mass 7.94 M and an iron core that left a νNS of 1.5 M . The orbital period of the binary is P ≈ 5 min, i.e. a binary separation a ≈ 1.5 × 10 10 cm, and we have adopted an angular momentum transfer efficiency parameter ξ = 0.5. The evolution of the accretion rate and the gravitational mass of the NS in this system are the ones shown in Fig. 4 . As it can be seen, for the above parameters the NS reaches the critical mass and collapses to form a BH (see also Fig. 5 and conclusion 3 in Sec. 6).
In the simulation shown in Fig. 6 we adopted two millions of particles per solar mass of ejecta so in this simulation we have followed the three-dimensional motion of N = 2 × 10 6 (M 0 env /M ) ≈ 1.6 × 10 7 particles in the gravitational field of the orbiting NS. To estimate the ejecta density we have chosen a thickness ∆z around the orbital plane. For the plots in Fig. 6 we have adopted ∆z ≈ 0.05a ≈ 7.1 × 10 8 cm. The left upper panel shows the binary at the initial time of the process, i.e. t = t 0 = R 0 star /v star,0 = 3.82 s, the first instant of the ejecta radial expansion.
The right upper panel shows the instant at which the accretion process begins, namely at t = t acc,0 ≈ a/v 0,star = 7.7 s. Owing to their fast velocity, the accretion rate of the first layers is low and they escape almost undisturbed, so the supernova ejecta at these times keeps its original spherical symmetry. The left lower panel shows the binary at the instant in which the accreting NS reaches the critical mass, hence the instant of formation of the BH, at t = t coll = 254 s ≈ 0.85P . The BH mass is thus set by the critical NS mass, i.e. M BH = M crit ≈ 3 M (see Fig. 4 ). This figure also evidences the asymmetry on the supernova density as induced by the presence of the companion and its increasing gravitational field due to the ongoing accretion process onto it. Indeed, it can be seen how the supernova 'center' has been shifted from the explosion site originally at the (0, 0) position (see left upper panel), to the approximate position (0, 2). Thus, the layers of the ejecta are displaced as a result of the gravitational attraction of the orbiting NS. This can be understood as follows. When the NS passes over the northern hemisphere, it attracts the northern region of the ejecta towards it. Consequently, that part of the ejecta gain velocity in the northern direction. The same effect occurs in the other regions of the orbit, however the effect is asymmetric because, by the time the NS passes, say over the southern hemisphere, it attracts layers moving at slower velocity with respect to the ones it had attracted in the northern hemisphere before. The reason for this is that the southern fastest layers have moved further already while the NS were passing the northern side. This effect is indeed incorporated in our simulation which follows the trajectory of each of the 14 million particles.
It can be also seen in this figure a stream of matter (one-armed flow) of negligible mass with respect to the total mass escaping from the system. As we have mentioned above, the NS attracts some layers increasing their velocity. As a result some material can reach escape velocity to leave the binary system forming this unbound debris. The appearance of a one-armed flow (instead of two-armed flows) is because the center-ofmass is located roughly at the CO core position, thus the NS is in practice orbiting the CO core. If the two masses were of comparable masses, (e.g. as in the case of binary NS mergers), they would move around a common center-of-mass lying in between them. In such systems the momentum transfer is more symmetric leading to a symmetric two-armed flow structure. The one-armed flow in our system is, in this sense, more similar to the one that appears in the tidal disruption of a small body by a supermassive BH.
The right lower panel shows the system 100 s after the BH formation, namely at t = t coll + 100 s =354 s ≈ 1.2P . Thus, this figure shows the new binary system formed by the νNS, out of the supernova, and the BH from the gravitational collapse of the NS. The νNS is at the (0, 0) position and it is represented by the white filled circle. The BH is in this instant of time located at the (0.5, 1.7) position and it is represented by the black filled circle. It can be seen the increasing asymmetry of the supernova ejecta around the orbital plane. We note the presence of ejecta in the vicinity of the newly formed BH, the latter sited at the approximate position (0.5, 1.5). It is interesting that part of these ejecta can indeed cause a subsequent accretion process onto the newly formed BH. The possible outcomes of this process deserve further attention which will be analyzed elsewhere (Ruffini et al., in preparation) .
We have shown above the evolution of an IGC binary with very short orbital period of P ≈ 5 min, for which it occurs the gravitational collapse of the NS of the CO core. Besides the formation of a BH, we have evidenced the asymmetry caused by the presence and accretion onto the NS on the supernova ejecta density. It is natural to ask if these asymmetries also appear for less compact binaries. For comparison, we show in Fig. 7 the results of a numerical simulation for a binary with orbital period P ≈ 50 min, in which the NS does not reach the critical mass during the entire accretion process (see Sec. 6). The evolution of the accretion rate and the gravitational mass of the NS in this system are shown in Fig. 4 .
In these kind of systems, all the ejecta layers passed the NS position. Thus, the total duration of the accretion process, denoted here t acc , is approximately given by the time it takes to the innermost layer of the ejecta to overcome the NS position, i.e. t acc ≈ a/v inner , where v inner = (R core /R 0 star )v star,0 using the homologous expansion assumption. The snapshot corresponds to a time t = 2667 s ≈ 44 min ≈ t acc /4. To estimate the ejecta density we have chosen in this example ∆z = 0.08a ≈ 5.3 × 10 9 cm. It is interesting that although the NS is in this case farther away from the CO core, it still induces a high asymmetry on the supernova ejecta. We shall investigate elsewhere if this mechanism could explain the asymmetries observed in some type Ibc supernovae (Tanaka et al. 2009; Taubenberger et al. 2009, see, e.g.,) . We here constrain ourselves in section 8, instead, to the consequences that the ejecta asymmetries have on the supernova emission (both in X-rays and in the optical).
HYDRODYNAMICS INSIDE THE ACCRETION
REGION We turn now to analyze in detail the properties of the system inside the Bondi-Hoyle accretion region. Fig. 3 shows the mass accretion rate onto the NS of initial mass 1.4 M . We can see that the accretion rate can be as high as ∼ 10 −1 M s −1 . For these high accretion rates we can draw some general properties:
1. We can neglect the effect of the NS magnetic field since forṀ B > 2.6 × 10 −8 M s −1 the magnetic pressure remains much smaller than the random pressure of the infalling material (Fryer et al. 1996; Rueda & Ruffini 2012 ).
2. The photons are trapped in the accretion flow. The trapping radius, defined at which the photons emitted diffuse outward at a slower velocity than the one of the infalling material, is (Chevalier 1989) :
where κ is the opacity. For the CO core, Fryer et al. (2014) estimated a Rosseland mean opacity roughly 5×10 3 cm 2 g −1 . For the range of accretion rates, we obtain thatṀ B κ/(4πc) ∼ 10 13 -10 19 cm, a radius much bigger than the NS capture radius which is in our simulations at most 1/3 of the binary separation. Thus, in our systems the trapping radius extends all the way to the Bondi-Hoyle region, hence the Eddington limit does not apply and hypercritical accretion onto the NS occurs. See Figs. 15 and 16 in appendix B.3 for details.
3. Under these conditions of photons being trapped within the accretion flow, the gain of gravitational energy of the accreted material is mainly radiated via neutrino emission (Zel'dovich et al. 1972; Ruffini & Wilson 1973; Fryer et al. 1996; Rueda & Ruffini 2012; Fryer et al. 2014) . See Figs. 15 and 16 in appendix B.3 for details.
4. Fig. 3 shows that the evolution of the accretion rate has a shape composed of a rising part, followed by an almost flat maximum and finally it decreases with time. The rising part corresponds to the passage and accretion of the first layers of the ejecta. The sharpness of the density cut-off of the outermost ejecta layer defines the sharpness of this rising accretion rate. The maximum rate is given by the accretion of the ejecta layers with velocities of the same order as the orbital velocity of the NS. These layers are located very close to the innermost part of the supernova ejecta. Then, the rate start to decrease with the accretion of the innermost layers whose density cut-off determines the sharpness of this decreasing part of the mass accretion rate. See also appendix A for further details.
5. The longer the orbital period/larger binary separation, the lower the accretion rate (see Fig. 11 in appendix A for details.); hence the lower the accretion luminosity and the longer the time at which peak luminosity occurs. These features confirm what advanced in Ruffini et al. (2016); Becerra et al. (2015) ; Ruffini et al. (2015) , namely that less energetic long GRBs correspond to the binaries with wider orbits. Specifically, XRFs correspond to the binaries in which the NS does not reach the point of gravitational collapse to a BH (see below). Since there is a limiting orbital period, P max , up to which the NS can reach the critical mass and collapse to a BH (these systems are the BdHNe Fryer et al. 2015 Fryer et al. , 2014 , the XRFs are the binaries with P > P max (see Sec. 5 for details).
6.1. Convective instabilities As the material piles onto the NS and the atmosphere radius, the accretion shock moves outward. The postshock entropy is a decreasing function of the shock radius position which creates an atmosphere unstable to Rayleigh-Taylor convection during the initial phase of the accretion process (see appendix B for additional details). These instabilities can accelerate above the escape velocity driving outflows from the accreting NS with final velocities approaching the speed of light (Fryer et al. 2006; Fryer 2009 ). Assuming that radiation dominates, the entropy of the material at the base of the atmosphere Fig. 6. -Snapshots of the IGC binary system and the supernova ejecta density at selected times of the evolution. In this example we have adopted the M ZAMS = 30 M progenitor with an ejecta mass of 7.94 M and a core that left a νNS of 1.5 M . We assume homologous evolution of the supernova ejecta with expansion parameter n = 1 and ejecta outermost layer velocity v 0,star = 2 × 10 9 cm s −1 . For the NS we adopt an initial mass 2.0 M . The binary has an orbital period P ≈ 5 min, i.e. a binary separation distance a ≈ 1.5 × 10 10 cm. The evolution of the accretion rate and the gravitational mass of the NS are shown in Fig. 4 . The coordinate system is centered on the νNS born in the supernova: it is here represented with a white-filled circle located at (0, 0). The NS, represented by the gray-filled circle, is orbiting counterclockwise in this time-evolution and we have indicated with a thin-dashed circle its trajectory. The colorbar indicates values of ejecta density. We have chosen a thickness ∆z around the orbital plane to estimate the ejecta density: ∆z ≈ 0.05a ≈ 7.1 × 10 8 cm for all these figures. We note that, in order to show better the features of the system at different times, we have chosen for each plot different ranges of the x-y scales and of the colorbar. Left upper panel: initial time of the process, t = t 0 = R 0 star /v star,0 = 3.82 s. The supernova ejecta starts to expand radially outward and the NS (black filled circle) is located at the position (a, 0). Right upper panel: beginning of the accretion process, i.e. passage of the first supernova ejecta layers through the NS gravitational capture region. Thus, this time is t = t acc,0 ≈ a/v 0,star = 7.7 s. Left lower panel: instant when the NS reaches, by accretion, the critical mass and collapses to a BH. This occurs at t = t coll ≈ 254 s ≈ 0.85P . The BH, here represented by the black-filled circle, has a mass set by the critical NS mass, i.e. M BH = M crit ≈ 3 M (see Fig. 4 ). It can be seen here the asymmetry of the supernova ejecta density induced that have been generated by the nearby presence of the NS and the accretion process onto it. We can also see at this stage a stream of matter (of negligible mass) being expelled (i.e. reaching scape velocity) from the system. Right lower panel: system 100 s after the BH formation, namely t = t coll + 100 s = 354 s ≈ 1.2P . This figure shows the new binary system composed by the νNS [white-filled circle at the (0, 0) position] out of the supernova, and a BH [black-filled circle at the (0.5, 1.7) position] out of the gravitational collapse of the NS due to the hypercritical accretion process. The asymmetry of the supernova ejecta is now even larger than the one showed by the left lower panel figure. The asymmetry of the supernova ejecta is such that its 'center' has been displaced, from the explosion site originally at the position (0, 0), to the approximate position (0, 2), due to the action of the orbiting NS.
is (Fryer et al. 1996) : This material will rise and expand, cooling adiabatically, i.e. T 3 /ρ = constant, for radiation dominated gas.
If we assume a spherically symmetric expansion, then ρ ∝ 1/r 3 and we obtain
However, it is more likely that the bubbles expand in the lateral but not in the radial direction (Fryer 2009 ), thus -Snapshot of an IGC binary system analogous to the one of Fig. 6 but with an orbital period of P ≈ 50 min (i.e. binary separation a ≈ 7 × 10 10 cm). In this case the accreting NS (gray-filled circle), which is orbiting counterclockwise (thin-dashed circle), does not collapse to the BH. The νNS left by the supernova is represented by the white filled circle at the position (0, 0). It is clear from this figure the asymmetry of the supernova ejecta: indeed the supernova 'center' has been displaced, from the explosion site originally at the position (0, 0), to the approximate position (0, 9), due to the action of the orbiting NS. The snapshot corresponds to a time t = 2667 s ≈ 44 min, which corresponds to roughly 1/4 the total accretion process. To estimate the ejecta density we have adopted ∆z = 0.08a ≈ 5.3 × 10 9 cm.
we have ρ ∝ 1/r 2 , i.e.
where T 0 (S bubble ) is given by equation (21) evaluated at r = r 0 ≈ R NS . This temperature implies a bolometric blackbody flux at the source from the bubbles
where σ is the Stefan-Boltzmann constant. In Fryer et al. (2014) it was shown that the above thermal emission from the rising bubbles produced during the hypercritical accretion process can explain the early (t 50 s) thermal X-ray emission observed in GRB 090618 (Izzo et al. 2012b,a) . In that case T bubble drops from 50 keV to 15 keV expanding from r ≈ 10 9 cm to 6 × 10 9 cm, for an accretion rate 10 −2 M s −1 . From the above formulas we can explain the blackbody emission observed in XRF 060218 (Campana et al. 2006) . The observed temperature (k B T ≈ 0.2 keV) and radius of the emitter (a few 10 11 cm) are consistent with the temperature and surface radius of the above bubbles formed in a system with a NS of initial mass 1.4 M , supernova-progenitor of 20 M ZAMS , and orbital period 2.5 h: it can be easily checked via equation (22) that for r ∼ 10 11 cm and an accretion rate of the order of 10 −6 M s −1 , the bubbles would have a temperature consistent with the one observed in XRF 060218. Further details on this specific case and additional examples will be presented elsewhere (Ruffini et al., in preparation) .
It is worth mentioning the possibility that, as discussed in Fryer et al. (2006) , r-process nucleosynthesis occurs in these outflows. This implies that long GRBs can be also r-process sites with specific signatures from the decay of the produced heavy elements, possibly similar as in the case of the kilonova emission in short GRBs (see, e.g., Tanvir et al. 2013 , and references therein). The signatures of this phenomenon in XRFs and BdHNe, and its comparison with kilonovae, deserves to be explored. However, this is out of the scope of the present work and it will be presented elsewhere.
Neutrino emission during hypercritical accretion
Most of the energy from the accretion is lost through neutrino emission and the neutrino luminosities are proportional to the accretion rate (see appendix B.2 for details). For the accretion rate conditions characteristic of our models ∼ 10 −4 -10 −2 M s −1 (see Sec. 2 and appendix A), pair annihilation dominates the neutrino emission and electron neutrinos remove the bulk of the energy (see Fryer 2009, and Figs. 15 and 16 in appendix B.3 for details). The temperature of these neutrinos can be roughly approximated by assuming that the inflowing material generally flows near to the NS surface before shocking and emitting neutrinos (see appendix B.1 and B.2). The pressure from this shock is given by (Fryer et al. 2006 ):
where, if we assume the accretion occurs nearly at freefall,
and
whereṀ acc =Ṁ B is the accretion rate onto the NS. The equation of state γ = 4/3 for the radiation-dominated conditions in this material, leads to the temperature of this material:
The electron-positron pairs producing the neutrinos are thermalized at this temperature and the resulting neutrino temperature can be estimated by this formula. For accretion rates lying between ∼ 10 −4 -10 −2 M s −1 , we estimate neutrino temperatures lying between 1.7-5.2 MeV (i.e. neutrino energies E ν ≈ 3k B T ≈ 5-15 MeV; see appendix B.2), predicting energies only slightly below those produced by detailed calculations (Fryer 2009) . A detailed study of the neutrino emission will be the presented elsewhere (Ruffini et al., in preparation; see also appendix B.1 and B.2).
As we show in appendix B.2, for the developed temperatures (say k B T ∼ 1-10 MeV) near the NS surface (see Figs. 13 and 14) , the dominant neutrino emission process is the electron-positron annihilation leading to neutrino-antineutrino. This process produces a neutrino emissivity proportional to the nineth power of the temperature [see Eq. (B20)]. The accretion atmosphere near the NS surface is characterized by a temperature gradient (see Fig. 13 in appendix B.1) with a typical scale height ∆r ER ≈ 0.7 R NS , obtained from Eq. (B19). Owing to the aforementioned strong dependence of the neutrino emission on temperature, most of the neutrino emission occurs in the region ∆r ER above the NS surface.
These conditions lead to the neutrinos to be efficient in balancing the gravitational potential energy gain, as indicated in Eq. (B18), allowing the hypercritical accretion rates. We show in appendix B.3 (see Figs. 15 and 16 ) photons are trapped within the flow the Eddington limit does not apply in this system. As discussed in Fryer et al. (1996) , the neutrinos can balance efficiently the gravitational energy gain. The effective accretion onto the NS can be estimated as:
where ∆M ER , L ER are the mass and neutrino luminosity in the emission region (i.e. ∆r ER ), and E ER is half the gravitational potential energy gained by the material falling from infinity to the R NS + ∆r ER . Since L ER ≈ 2πR NS ∆r ER e − e + with e − e + the electron-positron pair annihilation process emissivity given by Eq. (B20), and
, it can be checked that for M NS = 1.4 M this accretion rate leads to valuesṀ eff ≈ 10 −9 -10 −1 M s −1 for temperatures k B T = 1-10 MeV.
The neutrino signal from this accretion can be similar to the one from accretion in supernovae with fallback. Fallback begins immediately after the launch of the supernova explosion and, after peaking, decays with time (t −5/3 : Chevalier 1989). Depending upon the total fallback mass, the fallback accretion rate can remain above 10 −4 M s −1 for 10 3 -10 4 s (Wong et al. 2014 ).
7. ACCRETION LUMINOSITY In order to make a comparison with observed lightcurves we need to estimate the luminosity produced during the accretion process. The gain of gravitational potential energy in the accretion process is the total one available to be released e.g. by neutrinos and photons. The total energy released in the star in a time-interval dt during the accretion of an amount of mass dM b with angular momentum lṀ b , is given by (see, e.g., Sibgatullin & Sunyaev 2000; Becerra et al. 2015) :
where we have used Eq. (11). This upper limit to the energy released is just the amount of gravitational energy gained by the accreted matter by falling to the NS surface and which is not spent in changing the gravitational binding energy of the NS. The total energy releasable during the accretion process, ∆E acc ≡ L acc dt, is thus given by the difference in binding energies of the initial and final NS configurations. The typical luminosity will be L acc ≈ ∆E acc /∆t acc where ∆t acc is the duration of the accretion process. The duration of the accretion process is given approximately by the flow time of the slowest layers of the supernova ejecta to the NS. If the velocity of these layers is v inner , then ∆t acc ∼ a/v inner , where a is the binary separation. For a ∼ 10 11 cm and v inner ∼ 10 8 cm s
we obtain ∆t acc ∼ 10 3 s, while for shorter binary separation, e.g. a ∼ 10 10 cm (P ∼ 5 min), ∆t acc ∼ 10 2 s, as validated by the results of our numerical integrations shown e.g. in Figs. 3 and 4 . See also appendix A.
We have shown in Fig. 4 the evolution of both the baryonic massṀ b and the gravitational massṀ NS for a specific example. We have seen that these two quantities show a similar behavior, therefore we should expect the difference between them, which gives the available energy to be released (29), evolves with time analogously. Besides, we can see that the NS in the system with P = 5 min accretes ≈ 1 M in ∆t acc ≈ 100 s. With the aid of Eq. (13) we can estimate the difference in binding energies between a 2 M and a 3 M NS, i.e. ∆E acc ≈ 13/200(3 2 −2 2 ) M c 2 ≈ 0.32 M c 2 leading to a maximum luminosity L acc ≈ 3 × 10 − 3 M c 2 ≈ 0.1Ṁ b c 2 . Such an accretion power could lead to signatures observable in long GRBs (see, e.g., Izzo et al. 2012a; Fryer et al. 2014 ) since it could be as high as L acc ∼ 0.1Ṁ b c 2 ∼ 10 47 -10 51 erg s −1 for accretion rates in the rangeṀ b ∼ 10 −6 -10 −2 M s −1 . Fig. 8 shows a few examples of light-curves of XRFs. It can be shown that the accretion luminosity can explain the observed early emission (t 10 3 s) in these examples (see Sec. 8 and Becerra et al., in preparation).
INFLUENCE OF THE HYPERCRITICAL ACCRETION ON THE SUPERNOVA EMISSION
The duration of the accretion is shorter than the one of the long-lasting X-ray emission (at times t ∼ 10 3 -10 6 s). We shall show below (see Sec. 8 and Becerra et al., in preparation) such a long-lasting emission can be explained from the supernova powered by the prompt radiation, i.e. the X-ray radiation occurring during the accretion process onto the NS. In the case of the tightest binaries leading to BdHNe, the supernova is in addition powered by the prompt radiation following the BH formation.
We now analyze the emission of the supernova at early stages. Traditionally, the supernova shock breaks out of the star producing a burst of X-ray emission which, in a spherically symmetric model, behaves as a sharp rise and equally fast decay as the forward shock cools. However, in our models, the supernova shock has distinct asymmetries caused by the accretion onto the NS (see Figs. 6-7 in Sec. 5). In addition, the X-rays emitted from this hypercritical accretion add energy to the explosion. To calculate the shock breakout luminosity, we use the simplified light-curve code described in Bayless et al. (2015) and De La Rosa (2016) . This code assumes homologous outflow for the ejecta velocities, modeling the radiative transport using a single group diffusion scheme with prescriptions for recombination opacities and energies. Energy released in the accretion onto the neutron star is injected as an energy source at the base of the explosion. Because these calculations are 1-dimensional, we mimic the asymmetry in the explosion by modeling a series of spherical explosions with different densities. Each of these densities produces a different light-curve with the more massive models producing later shock breakout times.
In Fig. 9 we compare and contrast the luminosity expected from the accretion process given by equation (29) and from the accretion-powered supernova, with the observed X-ray luminosity of XRF 060218. The parameters characterizing the binary are: orbital period of 2.5 h, supernova velocity v star,0 = 2×10 9 cm s −1 , a pre-supernova core obtained from the M ZAMS = 20 M evolution which leads to a CO core envelope mass ∼ 4 M (see table 1), and initial NS mass M NS (t 0 ) = 1.4 M . For these binary parameters, the NS does not collapse to a BH, in agreement with the fact that XRFs, as XRF 060218, should be explained by these kind of binaries.
For this burst, our model assumes an initial explosion energy of 2 × 10 51 erg, ranging the spherical equivalentmass from 0.05-4 M . Fig. 9 shows light-curves rising quickly at t 10 4 s for the lowest mass to ∼ 10 5 s for the 4 M explosion. This maximum mass corresponds to the ejecta mass from our supernova. The corresponding CO core mass of our progenitor is this ejecta mass plus the mass of the νNS, roughly 5.4 M . It is possible that the mass is slightly larger for our progenitors, and the emission from the breakout could be longer, but peak X-ray emission from shock breakout beyond a few times 10 5 s will be difficult to achieve. The observed emission would come from the sum of this full range of explosions. The close match of our models (fitted to our expected progenitor mass) to this X-ray plateau demonstrates that this sequence of shock breakouts is certainly a viable and natural explanation for this emission (see Fig. 9 ).
We have shown that the X-ray plateau in the afterglow is powered almost entirely by a sequence of shock breakouts and the expanding photosphere. We turn now to the the optical emission which is more complex. The optical emission can be powered by the expanding photosphere, 56 Ni decay and the energy deposited by the accreting NS. For XRF 060218, the light-curve in the optical and UV exhibits a double-peaked structure suggestive of multiple (29) and the supernova luminosity with the observed X-ray luminosity of XRF 060218. The binary system has the following parameters: supernova velocity v star,0 = 2 × 10 9 cm s −1 , a presupernova core obtained from the M ZAMS = 20 M evolution (see table 1), initial NS mass M NS (t 0 ) = 1.4 M , and orbital period of 2.5 h. In this example the initial explosion energy is 2 × 10 51 erg, ranging the spherical equivalent-mass from 0.05-4 M . It can be seen that at early times t 10 4 s the luminosity is dominated by the accretion process. The supernova X-ray light-curves rise quickly at t ≈ 10 4 s for the lowest mass, to t ∼ 10 5 s for the 4 M explosion, which corresponds to total ejecta mass from our supernova.
power sources and, using our light-curve code, we can test out different scenarios. Just like the X-ray, geometry effects will modify the optical light-curve. Here we merely probe the different emission mechanisms to determine the viability of each to explain the XRF 060218 optical light-curve. Fig. 10 shows the V and B band light-curves for XRF 060218 (Pian et al. 2006) . The light-curve in both bands peaks first near 50,000 s and then again at 500,000 s. Using our 1 M 1D model from our X-ray emission, we simulate the V and B band light-curves. Without either 56 Ni decay or accretion energy, the supernova explosion only explains the first peak. However, if we include the energy deposition from the accretion onto the NS (for our energy deposition, we use 4 × 10 46 erg s −1 over a 2500 s duration), our simulations produce a second peak at roughly 500,000 s. A second peak can also be produced by increasing the total 56 Ni yield. However, even if we assume half of the total ejecta is 56 Ni, the second peak remains too dim to explain the observations. The accretion energy in our model provides a natural explanation for the double-peaked features observed in the optical emission of XRF 060218. However, our simple model makes a series of approximations: e.g., we use gray transport, estimating the V and B emission assuming a blackbody, we assume the opacities are dominated by electron scattering, etc. Our simplified picture cannot reproduce accurately the first slowly rising part of the optical data which can be due to a combination of 1) the low-energy tail of the X-ray bubbles and 2) the geometry asymmetries which, just like for the X-rays, cause 1D effective mass ejecta to be lower along some lines of sight leading to some optical emission. The simulation of these details are out of the scope of the present article (Pian et al. 2006) . The light-curve shows a double-peaked structure. The red dotted curve shows the supernova optical emission without either 56 Ni decay or accretion energy; it can be seen that it explains only the first peak. The blue solid curve includes the energy deposition from the accretion onto the NS (which is a power source of 4 × 10 46 erg s −1 over a 2500 s duration). This simulation reproduces both the first peak at ∼ 50, 000 s as well as the second peak at ∼ 500, 000 s. The dashed green curve shows that a second peak can also be produced without accretion power by increasing the total 56 Ni yield. However, even if we assume half of the total ejecta is 56 Ni, the produced second peak cannot explain the observational data.
and will be the subject of future simulations. We have shown that, although approximate, the accretion mechanism can power the observed XRF 060218 light-curve.
9. CONCLUSIONS We have analyzed in detail the IGC paradigm of GRBs associated with supernovae. The progenitor is a binary system composed of CO core and a NS in which the explosion of the CO core as supernova triggers a hypercritical accretion process onto the NS. For the given supernova parameters (total CO core mass, density profile, ejecta mass and velocity) and an initial mass of the NS, the fate of the NS depends only on the binary separation/orbital period. The picture that arises from the simulation of the accretion process as a function of the orbital period is as follows.
1. Since the accretion rate decreases for increasing values of the orbital period, there exists a specific value of it over which BH formation is not possible because the NS does not accrete sufficient matter to reach the critical mass. We denoted this maximum period for gravitational collapse as P max and computed it as a function of the initial NS mass for selected pre-supernova CO cores (see Fig. 5 ). Therefore, in systems with P ≤ P max BH formation occurs and these systems, within the IGC paradigm, can explain BdHNe Becerra et al. 2015; Fryer et al. 2014 ). In systems with P > P max , the NS does not accrete enough matter from the supernova ejecta and the collapse to a BH does not occur: these systems, within the IGC paradigm, are used to explain the nature of XRFs.
2. We have shown that the early emission (t 10 3 s) of an IGC binary is powered by the accretion luminosity. This luminosity explains the prompt emission of XRFs as presented here in the case of XRF 060218 (see Fig. 9 ). We are planning to extend this conclusion to additional XRFs (Ruffini et al., in preparation). 3. We have shown that convection instabilities arising from the NS accretion atmosphere can drive hot outflows emitting X-rays observable in the early emission of GRBs. It has been shown in Fryer et al. (2014) that the emission from such an outflows is consistent with the early (t 50 s) thermal X-ray emission observed in the BdHN GRB 090618 (Izzo et al. 2012a,b) . We have shown here the consistency with the thermal emission of XRF 060218. The observational verification in the case of additional XRFs will be presented elsewhere (Ruffini et al., in preparation) . Details of the structure of the accretion region are presented in appendix B.
4. Neutrino emission is the main energy sink of the system, allowing the hypercritical accretion to occur. We have given estimates of the neutrino flux and energy. Typical neutrino energies are in the range 1-15 MeV. A detailed study of the neutrino emission will be presented elsewhere (Ruffini et al., in preparation) . Details are also presented in appendix B.2.
5. We have shown that the presence of the NS in very compact orbit produces large asymmetries in the supernova ejecta around the orbital plane (see Figs. 6 and 7). These asymmetries are the combined effect of the accretion and of the action of the gravitational field of the NS on the supernova layers.
6. The above supernova asymmetries lead to observable effects in the supernova emission. The shocked material becomes transparent at different times with different luminosities along different directions owing to the asymmetry created in the supernova ejecta by the orbiting and accreting NS (see Figs. 6 and 7). The sequence of shock breakout luminosities are thus influenced by the asymmetries in the explosion: the light-curve produced along the more massive directions produce later shock breakout times. We have shown that the observed longlasting, t > t acc , afterglow X-ray emission observed in XRFs can be powered by this mechanism and presented as an example XRF 060218 (see Fig. 9 ). The specific example is here presented for XRF 060218 and evidence that this mechanism is also observed in additional XRFs will be presented elsewhere (Ruffini et al., in preparation) .
7. We have exemplified the above mechanism for late time X-ray emission observed in XRF 060218. The supernova ejecta asymmetries are even more pronounced in more compact binaries in which the NS, by accretion, reaches the critical mass and collapses to a BH (see Fig. 6 ). This implies that this mechanism is also at work in the X-ray afterglow of BdHNe with specific additional features in the spike, in the plateau and in the late power-law emission (Ruffini et al., in preparation).
8. We have shown that not only asymmetries caused by the close accreting NS modify the classic picture of supernova emission. The X-rays emitted from the accretion add energy to the supernova explosion. We have simulated the optical emission of the supernova and compared and contrasted our theoretical expectation with the optical luminosity of XRF 060218 which shows a peculiar doublepeaked shape. We have shown that without either 56 Ni decay or accretion energy, the supernova explosion can explain only the first peak. We then showed that the inclusion of 56 Ni decay produces indeed a double-peaked light-curve but with a second peak which is too dim to explain the observed optical emission. This conclusion holds even adopting unphysical high amounts of 56 Ni mass of up to half of the ejecta mass. Instead, we demonstrated that the source of energy given by the hypercritical accretion onto the NS provides a double-peaked light-curve consistent with the observational data. See Fig. 10 and Ruffini et al. (in preparation) , for details.
9. We have shown how the radiation during the continuous accretion process affects the supernova emission both in X-rays and in the optical. We have simulated this effect for binaries in which the NS does not collapse to a BH, namely for XRFs (e.g. XRF 060218). For systems with shorter orbital periods in which a BH is formed, namely for BdHNe, besides the initial interaction of the supernova with the radiation from the accretion process, the supernova interacts with the radiation from the prompt radiation following the BH formation. The interaction of the electron-positron pairs (moving with Lorentz factor Γ ∼ 10 2 ) with the supernova material at a distance of r ∼ 10 12 cm and moving at Γ ∼ 1 can originate the flare observed around t ∼ 100 s after the GRB trigger time in the X-ray data of BdHNe. The theoretical and observational details of this process will be presented elsewhere (Ruffini et al., in preparation) .
It is interesting that in parallel to the above conclusions we can also draw some inferences on the astrophysics of NS-NS binaries. Our results suggest that the systems in which the accreting NS does not reach the critical mass (i.e the XRFs) are natural candidates to produce such binaries (Ruffini et al. 2016) . We have shown that this will occur for CO-NS binaries with long orbital periods; thus it is possible that many of these systems become unbound by the supernova explosion produced by the CO core. The XRF to BdHN occurrence rate ratio can shed light on the ratio of bound/unbound IGC binaries Fryer et al. (2015) . The short orbital periods P < P max needed for BdHNe obtained from our theoretical model imply that XRF must be much more common than BdHNe, as it is indeed observed (see, e.g., Guetta & Della Valle 2007; Ruffini et al. 2016 , and references therein). The few systems which will keep bound become NS-NS binaries where at least one of the components can be massive and with a rotation period in the millisecond region. If the NS accretes from the LSO, then at the end of the process it will have an angular momentum
, where M acc is the total accreted mass. Thus, the NS will have a rotation period P = 2πI NS /J NS ≈ 1.6 (0.1M /M acc )(R NS /10 6 cm) 2 ms, where
NS is the NS moment of inertia. That known binary millisecond pulsars could be formed in XRFs is a very exciting result that deserves further scrutiny (Ruffini et al., in preparation) . 
APPENDIX

ANALYTIC APPROXIMATION FOR THE PEAK ACCRETION RATE
We can see from Fig. 3 that the shorter(smaller) the orbital period(separation) the higher the peak accretion ratė M peak and the shorter the peak time, t peak . Indeed, we can derive such a feature from simple arguments. The accretion rate (1) increases for higher densities and lower velocities, so we should expect as indeed shown in Fig. 3 , it increases with time as the inner ejecta layers, which are denser and slower [see Eqs. (4) and (3)], reach and passed the accretion region. The accretion rate starts to peak at the passage of the innermost densest layer, r inner , through the capture region. Such a layer moves with velocity v inner = (r inner /R 0 star )v star,0 as given by the homologous expansion assumption.
Thus, the accretion rate peaks around the peak time:
namely the time when r inner reaches the capture region which is located at a distance r = a − R cap from the CO core center. The radius r inner is the maximum of the density profile (7), namely the root of the equation: -(Color online) Peak accretion rate (Ṁ peak , blue curves and left y-scale) and peak time (t peak , red curves and right y-scale) as a function of the orbital period. The dashed curves give the analytic peak accretion rate and time (A5) and (A4), respectively, while the dotted curves correspond to the values obtained from the numerical integration of the equations in Sec. 2. This example corresponds to the following binary parameters: a CO core from the M ZAMS = 20 M progenitor of table 1, an initial NS mass 2.0 M , and a velocity of the outermost ejecta layer v star,0 = 2 × 10 9 cm s −1 . For these parameters we have η ≈ 0.41 from equation (A3). The black dashed vertical line marks the maximum orbital period (for these system parameters, Pmax ≈ 127 min) for which the NS reaches, by accretion, the critical mass and collapses to a BH (see Fig. 5 in Sec. 4). We recall that within the IGC interpretation systems with P < Pmax lead to BdHNe while systems with P > Pmax lead to XRFs.
where we recallR core ≈ 0.31R core . Since r inner ≈R core , we can obtain the approximate solution:
Since v inner < v orb , we can approximate the relative velocity as given only by the orbital one, i.e. v rel ≈ v orb , and within this approximation, the capture radius reduces to R cap ≈ (2M NS /M )a. Then, equation (A1) becomes
We can now evaluate equation (1) at the above t = t peak and applying the same approximations, we obtain for the peak accretion rateṀ
where we recall M = M CO + M NS is the total binary mass, being M CO = M env + M νNS the total mass of the CO core given by the envelope mass and the central iron core mass leading to the formation of the νNS. Fig. 11 shows the behavior of Eqs. (A5) and (A4) as a function of the orbital period and compare them with the corresponding values obtained from the numerical integration of the accretion equations presented in Sec. 2. This example is for the binary parameters: a CO core from the M ZAMS = 20 M progenitor of table 1, an initial NS mass 2.0 M , and a velocity of the outermost ejecta layer v star,0 = 2 × 10 9 cm s −1 . For these parameters, η ≈ 0.41 from equation (A3). It can be seen that the accuracy of the above simple analytic formulas increases for the systems with P > P max . This is expected since, as we have mentioned, only for these systems the innermost ejecta layers passed the NS position. In systems with P < P max , the NS collapses to a BH before the passage of the innermost layers. In those cases, the maximum accretion rate is not reached at the passage of r inner but at the passage of a layer located at r max > r inner , hence with velocity v max = v(r = r max ) > v inner , and thus v max v orb . In any case, it is clear the above formulas forṀ peak and t peak remain valid to obtain typical (order-of-magnitude) estimates of the accretion process in these binaries. The consistency of the numerical and analytic results (within their range of validity) shown here serves as well as an indicator of the reliability of the numerical results (see also appendix C).
PHYSICS INSIDE THE ACCRETION REGION
In this appendix we analyze the NS accretion zone following the theoretical framework established for supernova fallback accretion (Chevalier 1989; Houck & Chevalier 1991; Fryer et al. 1996) . Fig. 12 shows schematically the structure of the NS atmosphere: the supernova material entering the NS capture region shocks as it piles up onto the NS surface. As the atmosphere compresses, it becomes sufficiently hot to emit neutrinos allowing the matter to reduce its entropy and be incorporated into the NS. (2)] from the NS center and start to fall to the NS surface. The material shocks as it piles on top the NS surface. The shock decelerates the material while it moves towards the NS and near the surface, at the neutrinosphere, it looses energy by the emission of neutrinos. The neutrino emission allows the material to reduce its entropy to be finally accreted by the NS. with a = 4σ/c = 7.56 × 10 −15 erg cm
, where σ is the Stefan-Boltzmann constant. For the ion gas, we assume a perfect gas:
where n ion is the ion number density, m u = 1.6604×10 −24 g is the atomic mass unit and κ B is the Boltzmann constant. Finally, the electrons and positrons are described by the Fermi-Dirac distributions:
2 ) is the relativity parameter and η ≡ (µ − m e c 2 )/κ B T is the degeneracy parameter, with µ the chemical potential. Since the electrons and positrons are in equilibrium with radiation (e + + e − → γ + γ), their chemical potential are related by µ e − + µ e + = 0 and then η e + = −η e − − 2/β. Finally, for each value of density and temperature, η e − is determined from the charge neutrality condition:
As an example, we show in Fig. 13 the entropy, temperature, density and pressure profile from the NS surface (we have assumed a NS of M NS = 2.0 M with R NS = 10 6 cm) to the shock radius for a specific value of the mass accretion rate 10 −2 M s −1 . For the ions we adopt here Z = 6 and A = 12. It can be seen here that the entropy gradient of the NS atmosphere is negative, and it is thus subjected to convective instabilities (see Sec. 6.1).
Neutrino emission and shock position
We turn now to discuss the neutrino emission processes taken into account in our calculations. We follow the results reported in Itoh et al. (1996) for the neutrino energy loss rates computed within the Weinberg-Salam theory (Weinberg 1967; Salam 1968) . We use here the formulas which fit the numerical results in the following regime of density and temperature: 10 0 g cm −3 < ρ < 10 14 g cm −3 and 10 7 K< T < 10 11 K (Itoh et al. 1996) . . We consider the following channels of neutrino emission. i) Pair annihilation: e + +e − → ν +ν (Munakata et al. 1985; Itoh et al. 1989) ; this neutrino energy loss rate is here denoted by e − e + . ii) Photo-neutrino process: γ +e ± → e ± +ν +ν (Munakata et al. 1985; Itoh et al. 1989) , denoted by γ . iii) Plasmon decay:γ → ν +ν (Kohyama et al. 1986 (Kohyama et al. , 1994 , denoted by pl . iv) Bremsstrahlung processes (Itoh & Kohyama 1983; Itoh et al. 1984b,a,c) , denoted by BR , which can be due to electron-nucleon interaction e ± + N → N + ν +ν or to nucleon-nucleon interaction N + N → N + N + ν +ν. It is important to mention that two different expressions for the total Bremsstrahlung emission are shown in Itoh et al. (1996) the critical value Γ ≈ 180, over which the system crystallizes. So the total energy loss rate per unit volume due to neutrino emission is Q ν = e − e + + γ + pl + BR .
Since the infalling material is strongly decelerated by the accretion shock, the post-shock kinetic energy is much less that the internal and gravitational energy. Then, assuming a polytropic gas [P = (γ − 1)U ∝ ρ γ ] and subsonic velocities inside the shock radius, (v/c) 2 1, Eqs. (B4) can be solved for the radial dependence of the fluid variables ρ, P and u as (Houck & Chevalier 1991) :
The approximation of a polytropic equation of state was validated by numerical simulations in Fryer et al. (1996) , who showed the infall NS atmosphere is well approximated by a polytropic gas of index γ = 1.4. Since neutrinos are the main energy sink of the system (see below), the position of the shock can be estimated from the balance between the neutrino emission and the release of the potential gravitational energy due to the accretion process, i.e.:   4πR
where we have assumed the rate at which gravitational energy is released as the kinetic energy gained in the free fall from infinity, and we have considered the proper volume of the cooling region and the proper cooling rate. We have also introduced the thickness of the neutrino emission region at the base of the atmosphere, ∆r ER , which in view of the strong dependence of the neutrino emission processes on the temperature, can be estimated as one temperature scale height, i.e.:
Fig. 14 shows the NS surface temperature and the shock position as a function of the mass accretion rate. The thickness of the neutrino emission region is very poorly dependent on the accretion rate; indeed equation (B19) gives ∆r ER ≈ 0.76-0.77 R NS forṀ = 10 −8 -10 −1 M s −1 . Under the conditions (non-degenerate, relativistic, hot plasma) of our hypercritically accreting NS, the most efficient neutrino emission is given by the e + e − pair annihilation (see Fig. 16 ). In these T -ρ conditions, e − e + reduces to the simple expression (Yakovlev et al. 2001 ):
e − e + = 1.39 × 10
Neutrino and photon optical depth We have assumed that the neutrinos produced at the base of the NS surface are the main sink of the gravitational potential energy gained by the infalling material. We proceed now to assess the validity of this statement through the calculation of the neutrino opacity.
The total neutrino opacity is:
where κ ν,abs and κ ν,scat correspond to the opacity produced by absorption and scattering processes. In general, the opacity can be written as
where n i is the particle density and σ i is the process cross section. We adopt the following scattering and absorption process: Scattering processes: neutrinos transfer momentum to the matter by the scattering off nuclei and electrons and positrons:
• Coherent neutrino nucleus scattering: ν + (A, Z) → ν + (A, Z) (Tubbs & Schramm 1975) 
where G F is the Fermi weak neutrino coupling constant and θ w = is the Weinberg angle, sin 2 θ w = 0.23. The scattering is coherent in the sense that nucleus acts as a single particle and the initial and final neutrino energy are nearly equal.
• Neutrino-electron scattering (Bowers & Wilson 1982; Burrows & Thompson 2002) :
where C v = 1/2 + 2 sin 2 θ w for electron neutrino and antineutrino types, C a = 1/2 for neutrino and C a = −1/2 for antineutrinos.
Absorption processes: Since we have shown that the most efficient neutrino cooling process near the NS surface is the electron-positron annihilation, the inverse process namely the annihilation of neutrinos, ν +ν → e − +e + , represents the main source of opacity. The total average cross sections are given by (Goodman et al. 1987) :
where K νν = (1 + 4 sin 2 θ w + 8 sin 4 θ w )/12 = 0.195. The energy of the neutrino and antineutrinos are calculated assuming they are described by the Fermi-Dirac distribution with zero chemical potential:
Then, the total neutrino opacity is:
The neutrino optical depth can then be obtained as:
where λ ν is the neutrino mean free path:
Thus, the optical depth at the base of the neutrino emission region can be estimated as: τ ν,ER ≈ κ ν ρ NS ∆r ER = ∆r ER /λ ν,ER . Large values for the optical depth means (τ ν 1) implies that the neutrinos are reabsorbed by the matter and cannot freely scape from the system.
In order to verify that photons are trapped in the infalling material, we evaluate the photon mean free path and photon emissivity:
where σ is the Stefan-Boltzmann constant, τ γ is the photon optical depth, and κ R is the Rosseland mean opacity: being the first term due to the electron scattering and the second one to the free-free absorption.
We show in Fig. 15 the neutrino and photon optical depth profile in the NS accretion region for three different values of the mass accretion rate. We can see the photon optical depth is much higher than unity for photons, implying they are indeed trapped at any radius. On the contrary, the neutrino optical depth is much lower than unity, implying they efficiently cool the atmosphere which allows the system to proceed the accretion at hypercritical rates.
We show in Fig. 16 the T -ρ diagram of the NS surface for accretion ratesṀ = 10 −8 -10 −1 M s −1 which covers both XRFs and BdHNe (see, e.g., Fig. 11 ). Higher temperatures and densities correspond to higher accretion rates. We show contours indicating where the neutrino emissivities of the different neutrino emission processes are equal . It can be seen from these two figures that: 1) pair annihilation neutrino process are highly dominant over the other neutrino emission mechanisms; 2) neutrinos can efficiently escape taking away most of the energy (high emissivity); 3) photons are trapped hence they have negligible emissivity; 4) even for the largest accretion rates the neutrino optical depth in the accretion zone is below unity and so the system is not opaque to neutrinos.
CONVERGENCE TESTS
We proceed now to perform a convergence test of the results of our numerical integration. We will perform the test for four important quantities, as a function of the dimensionless time τ = t/t 0 : the NS accreted mass M acc (τ ), gravitational mass M NS (τ ), angular momentum J NS (τ ) and gravitational capture radius measured from the supernova center normalized to the binary separation, i.e.r = 1 − R cap (τ )/a.
We use for the numerical integration the Adams method implemented in the Python library SciPy version 0.17.1. This requires that the user sets, besides the system of ordinary different equations, a minimum and a maximum integration stepsize. For the integration we set both to the same value, say ∆τ . To perform this test we select five values of the stepsize: ∆τ i ≡ τ acc,0 /N i with N i = 1, 20, 50, 200, 500 for i = 1, ..., 5 and τ acc,0 = t acc,0 /t 0 is the dimensionless time at which the accretion process starts, i.e. the instant at which the first ejecta layer reaches the NS capture radius. We denote as A ∆τi the numerical value of the quantity A computed with the stepsize ∆τ i , and then compute the relative error with respect to the computed value using a reference stepsize, i.e.: Er(A) ≡ |A ∆τ ref − A ∆τi |/A ∆τ ref . Fig. 17 shows the convergence test for a binary system with the following parameters: the CO core of the M ZAMS = 20 M progenitor, an initial NS mass of 2 M , and an orbital period P = 3 h. For these parameters we have τ acc,0 ≈ 29 and so the stepsizes are: ∆τ i = 0. 0581, 0.1453, 0.5812, 9.6874, 29.062 , respectively for i = 1, ..., 5. The stepsize of reference in this test is ∆τ ref = ∆τ 3 = 0.5812. We can see that, as expected, the relative error increases for stepsizes higher than ∆τ 3 and decreases for stepsizes lower than it, indicating convergence. All the results shown in this article are for ∆τ 3 , which corresponds to a different numerical value for different binary systems, since the value of τ acc,0 is specific to each system. In order to see the dominant neutrino processes, we show contours at which the emissivities of the different neutrinos process become equal: e ± correspond to the pair annihilation process, γ to the photo-neutrino emission, pl to the plasmon decay and BR to the Bremsstralung emission. The solid red curve shows the corresponding T -ρ values of the NS surface in the range of accretionṀ = 10 −8 -10 −1 M s −1 which covers typical rates achieved in XRFs and BdHNe (see Fig. 11 ). The arrow indicates the direction of increasing accretion rate. Thus, while accreting, the NS moves from the left lower part of the red curve to the right upper part of it. It is clear that in this regime of XRFs and BdHNe, the electron-positron pair annihilation dominates the neutrino emission. -Convergence test for the NS accreted mass Macc(τ ), gravitational mass M NS (τ ), angular momentum J NS (τ ) and the gravitational capture radius measured from the supernova center normalized to the binary separation, i.e.r = 1 − Rcap(τ )/a. We select here five values of the stepsize: ∆τ i = 0. 0581, 0.1453, 0.5812, 9.6874, 29 .062 for i = 1, ..., 5. The parameters of the binary system in this example are: the CO core of the M ZAMS = 20 M progenitor, an initial NS mass of 2 M , and an orbital period P = 3 h. The relative error increases for stepsizes higher than ∆τ 3 and decreases for stepsizes lower than it, which indicates convergence.
